Guanxinjing capsules (GXJCs) are used in traditional Chinese medicine as a common therapy for coronary heart disease (CHD) complicated with depression. In this study, we aimed to identify the main active constituents in GXJCs and to investigate the mechanisms of GXJC action on CHD complicated with depression. The chemical constituent profile of the GXJC was identified by UHPLC-LTQ-Orbitrap assay, and oral bioavailability was evaluated to screen the GXJC drug-like chemical constituents. A total of 16 GXJC drug-like chemical constituents were identified. Then, putative targets of the GXJC drug-like chemical constituents were predicted using MedChem Studio, with 870 genes found to be the putative targets of these molecules. After that, a GXJC putative target-known CHD/depression therapeutic target network was constructed, and four topological features, including degree, betweenness, closeness and K-coreness, were calculated. According to the topological feature values of the GXJC putative targets, 14 main active constituents were identified because their corresponding putative targets had topological importance in the GXJC putative target-known CHD/ depression therapeutic target network, which were defined as the candidate targets of GXJC against CHD complicated with depression. Functionally, these candidate targets were significantly involved in several CHD/depression-related pathways, including repairing pathological vascular changes, reducing platelet aggregation and inflammation, and affecting patient depression. This study identified a list of main active constituents of GXJC acting on CHD complicated with depression using an integrative pharmacology-based approach that combined active chemical constituent identification, drug target prediction and network analysis. This method may offer an efficient way to understand the pharmacological mechanisms of traditional Chinese medicine prescriptions.
Introduction
Coronary heart disease (CHD), as one of the leading causes of mortality worldwide, has been indicated as a main cause for approximately thirty percent of deaths in people under sixtyfive years old and nearly twenty-five percent of all deaths [1] . Despite the recent advances in therapeutic strategies for this disease, the morbidity and mortality of CHD patients remains high. While its incidence is falling in the majority of developed countries, such as the United States and the United Kingdom, it is still increasing in most developing countries including Singapore and other countries in Asia [2] . According to the declaration of the National Heart Foundation of Australia, depression has been indicated as an important independent risk factor for CHD in terms of etiology or prognosis [3, 4] . Growing evidence shows that the prevalence of depression in CHD patients is very high. It has been reported that the rate of major depressive disorder may be approximately fifteen percent after myocardial infarction (MI) or coronary artery bypass grafts. Once milder forms of depression are included, . Although there are many types of therapeutic strategies used to treat patients with CHD complicated with depression [7] , such as pharmacological therapy (eg, fluoxetine, sertraline, citalopram and mirtazapine), psychological therapy (eg, CBT and interpersonal psychotherapy) and collaborative care, patient outcomes remain unsatisfying due to the uncertain therapeutic efficacies, unbearable high prices of treatment and unavoidable adverse effects of these treatments.
To address this problem, more and more patients are attempting to seek efficient prevention and therapy from traditional Chinese medicine (TCM), which is a crucial part of complementary and alternative medicine [8] . Characterized by its holistic concept, TCM usually attenuates physical and mental dysfunctions as a whole. Growing clinical evidence shows the efficiency of TCM in the treatment of chronic diseases with few side effects, especially for patients with CHD complicated with depression [9] [10] [11] . Guan Xing Jing Capsule (GXJC), which is an important Chinese patent medicine, is widely used in the treatment of CHD complicated with depression. According to the theory of TCM, CHD belongs to the thoracic obstruction category and is defined as a kind of psychosomatic disorder. Our previous study demonstrated that 'qi' deficiency, blood stasis, the lack of spirit and 'Shen' preservation are all the main causes of CHD [12] . GXJC is composed of Radix Salviae miltiorrhizae, Radix Paeoniae rubra, Ligusticum chuanxiong, Carthamus tinctorius L, Rhizome of Fragrant Solomon's Seal, Panax notoginseng, Panax ginseng root, Storax, and Borneol, all of which are prepared according to the Chinese pharmacopeia [13] . Growing clinical evidence shows that GXJC may possess multiple therapeutic effects including supplementing 'qi', activating blood circulation, tranquilizing 'Shen', sedating 'Zhi' and balancing psychosomatic status; thus, it may be of vital importance and promotional value in the prophylaxis and treatment of CHD. Moreover, accumulating clinical observations have indicated that GXJC can also effectively relieve symptoms of CHD complicated with depression and improve quality of patients' lives without any significant side effects [14] [15] [16] . Pharmacologically, GXJC has been revealed to exert its therapeutic effects on psycho-cardiology mainly through anti-myocardial ischemia, resistance to anoxia and anti-depression [16] . However, the underlying mechanisms of GXJC action on CHD complicated with depression remain unclear.
Therefore, in the current study, the chemical constituent profile containing GXJC was identified by UHPLC-LTQ-Orbitrap assay. Oral bioavailability was evaluated to screen for GXJC drug-like chemical constituents. Then, putative targets of the GXJC drug-like chemical constituents were predicted using MedChem Studio. Subsequently, the GXJC putative target-known CHD/depression therapeutic target network was constructed, and four topological features, including degree, betweenness, closeness and k-coreness, were calculated to identify the key active constituents of GXJC that act on CHD complicated with depression as well as to investigate its underlying pharmacological mechanisms. A schematic diagram of this study is illustrated in Figure 1 . 
Materials and methods

Mass spectrometry and data processing
The LC-ESI-MS n experiments were performed using a Thermo Fisher LTQ-Orbitrap Velos Pro Hybrid mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with an electrospray ionization (ESI) source. Among the parameters of the ESI source, sheath and auxiliary gas flow were set to 35 and 10 arbitrary units, respectively; capillary temperature was 350 °C; spray voltage was 5 kV in the positive model and 4.5 kV in the negative model; and S-LensRF level was 62.02. The following mass spectra were acquired in the mass range of 100-1200 m/z. The scan cycle employed a full-scan event at a resolution of 30 000 (at m/z 400) and three data-dependent MS n events acquired at a resolving power of 15 000. The collision energy for collision-induced dissociation (CID) was adjusted to 35% of the maximum. All parameters were identical to those used in the LC-MS n experiments. Data analyses were performed using Mass Frontier 6.0 (Thermo Fisher Scientific) software and Xcalibur 2.1 (Thermo Fisher Scientific) software. Considering the possible elemental compositions of potential constituents present in the GXJC samples, the numbers and types of expected atoms were set as follows: carbon ≤100, hydrogen ≤250, oxygen ≤60, and nitrogen ≤10. The accuracy error threshold was fixed at 10 ppm.
Prediction of absorbed constituents and oral bioavailability using in silico absorption, distribution, metabolism, and excretion (ADME) evaluation models Structural information files (*.mol or *.sdf files) related to the GXJC constituents (identified by UHPLC-LTQ-Orbitrap) were downloaded from ChemSpider [20] (http://www.chemspider. com, 2014-04-12). ADME evaluation of these constituents was employed to predict the apparent permeability coefficient (Papp) and oral bioavailability (OB) using ACD/Percepta software 5.07 [21] (ACD/Labs, Toronto, Canada), including the passive intestinal permeability of the Caco-2 module and the PK explorer module. The papp and OB of one constituent were greater than 9.0×10 6 cm/s and 40%, respectively, which indicated good drug-likeness.
Network construction and analysis
Known therapeutic targets for the treatment of CHD and depression
Known therapeutic targets for the treatment of CHD and depression were collected from Drugbank database [22] (www. drugbank.ca/, v3.0) and the OMIM database [23] (www.omim. org, last updated 2013-10-31). Detailed information on the collected known therapeutic targets for these two diseases is provided in Supplementary file S1-section 1 and Supplementary Tables S2, S3 .
Drug target prediction for GXJC
The putative targets of GXJC were predicted using MedChem Studio (MedChem Studio, 3.0; Simulations Plus, Inc, Lancaster, CA, USA, 2012) according to the user's instructions. Detailed information on drug target prediction for GXJC is provided in Supplementary file S1-section 2 and Supplementary Table S4 .
Protein-protein interaction (PPI) information
The PPI data between putative targets for GXJC and known therapeutic targets for CHD and depression were obtained from the Human Annotated and Predicted Protein Interaction Database (HAPPI) [24] , Reactome [25] , the Online Predicted Human Interaction Database (OPHID) [26] , InAct [27] , the Human Protein Reference Database (HPRD) [28] , the Molecular Interaction Database (MINT) [29] , the Database of Interacting Proteins (DIP) [30] , and PDZBase [31] . Detailed information about these PPI databases is provided in Supplementary Table S5 .
Network construction and analysis
The GXJC putative targets-known therapeutic targets for CHD and depression interaction network was constructed based on the links between GXJC putative targets and known therapeutic targets for CHD and depression and visualized by Navigator software (v2.2.1). Detailed information about this interaction network is provided in Supplementary Table S6. According to our previous studies [32] [33] [34] , node degree was calculated to select hubs in the above network, and the hub network was constructed using the interactions among the hubs. Then, four network topological features, including 'Degree,' 'Betweenness,' 'Closeness' and 'K value,' were calculated to evaluate the importance of hubs in the hub network. The definitions of these network topological features are provided in Supplementary file S1-section 3.
Pathway enrichment analysis
The data obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG; www.genome.jp/kegg/, last updated 2012-10-16) [35] were used for pathway enrichment analysis using the DAVID system (http://david.abcc.ncifcrf.gov/home.jsp/, v6.7) [36] .
Results
Characterization and identification of chemical constituents containing GXJC
The total ion chromatograms (TIC) of the GXJC sample corresponding to the positive and negative signals are shown in Figure 2 . sample retention times and accurate masses with those of the standards. For the standard unavailable constituents, a series of continuous procedures was used to increase the credibility for structure identification by calculating the molecular formulas using high-resolution and high-accuracy mass spectra, searching in the Chemical Database of GXJC, and determining structure characterization and confirmation using MS n mass spectrometry. Overall, a total of 71 constituents, such as ginsenosides, flavonoids and their glycosides, and diterpenoid and monoterpene glycosides, were identified or tentatively characterized with their retention times and MS n data. The detailed information of these constituents is summarized in Table 1 .
Prediction of the oral absorption and bioavailability of chemical constituents containing GXJC using in silico ADME models The in silico passive Caco-2 absorption and the pharmacokinetics (PK) explorer modules within the ACD/Percepta software predicted the Papp and F% for 71 constituents in GXJC. As shown in Table 1 , 16 chemical constituents, such as constituent 13 (benzoic acid), constituent 15 (panax ynol), constituent 17 (protocatechuic aldehyde), constituent 21 (vanillic acid), and constituent 23 (paeoniflorin), were identified as having good oral absorption and bioavailability, which suggested these molecules as "drug-likeness" constituents.
Putative targets for GXJC
A total of 870 putative targets of GXJC were predicted using MedChem Studio (Supplementary Table S4 ). Among these, there were eight known therapeutic targets for CHD, including ATP-binding cassette sub-family A member 1 (ABCA1), 
www.chinaphar.com Zhang YQ et al
Acta Pharmacologica Sinica estrogen receptor (ESR1), heparin cofactor 2 (SERPIND1), lysosomal alpha-glucosidase (GAA), ectonucleotide pyrophosphatase/phosphodiesterase family member 1 (ENPP1), G protein-activated inward rectifier potassium channel 4 (KCNJ5), voltage-dependent L-type calcium channel subunit alpha-1D (CACNA1D), 3-beta-hydroxysteroid-delta(8), delta(7)-isomerase (EBP); and eight known therapeutic targets for depression, including 85/88 kDa calcium-independent phospholipase A2 (PLA2G6), phenylalanine-4-hydroxylase (PAH), major prion protein (PRNP), protein kinase C gamma type (PRKCG), platelet-derived growth factor receptor beta (PDGFRB), DNA (cytosine-5)-methyltransferase 1 (DNMT1), cystathionine betasynthase (CBS), and ribonucleoside-diphosphate reductase subunit M2B (RRM2B).
Pharmacological mechanisms of GXJC acting on CHD complicated with depression
To illustrate the underlying links between drugs and disease, the molecular network-based analysis was performed by building an interaction network of disease-related genes and drug target genes. Here, the GXJC putative target-known CHD/depression therapeutic target network based on the interactions among putative GXJC targets, known CHD and depression-related targets and other human proteins was constructed. It has been indicated that a node may play a critical role in the network and function as a hub if its degree value was more than 2-fold the median degree of all nodes in a network [37] . Therefore, 388 hubs were identified, and the 5107 interactions among them were collected. Detailed information on the hub interaction data in the drug-disease network is provided in Supplementary Table S6 .
Next, the major hubs in the hub interaction network were determined by calculating four topological features, including "Degree", "Node betweenness", "Closeness" and "K value". The median values of "Degree", "Node betweenness", "Closeness" and "K value" were 20.00, 0.18, 39.73, and 14.00, respectively. Then, nodes with "Degree" >20.00, "Node betweenness" >0.18, "Closeness" >39.73 and "K value" >14.00 were identified as major hubs. As a result, 117 major hubs were selected, and among them, there were 81 putative targets for GXJC (please see detailed information on these four topological features of the 117 major hubs in Supplementary Table S7) .
Then, a network of major hubs based on their direct interactions was constructed, and pathway enrichment analysis was performed according to the KEGG pathway database. As shown in Figure 3 , these major hubs were divided into three functional modules and involved in the corresponding pathological events during the progression of CHD and depression. The major hubs in the biggest functional module were mainly involved in five pathways including calcium signaling, VEGF signaling, PDGF signaling, angiotensin mediated activation of JNK and aspirin blocking signaling, as well as long-term depression. In addition, major hubs in the second functional module participated in T cell receptor signaling pathways and multiple anti-apoptotic pathways and mainly regulated vascular endothelial cell inflammation and vascular endothelial cell apoptosis. Moreover, major hubs in the third functional module were frequently implicated in TSP-1-induced apoptosis in microvascular endothelial cells.
Identification of key active constituents of GXJC acting on CHD complicated with depression
In the current study, if a drug-like chemical constituent had more than 20 major hub targets, it was regarded as a key active constituent of GXJC acting on CHD complicated with depression. A total of 14 key active constituents were identified: 7 (gallic acid), 17 (protocatechuic aldehyde), 21 (vanillic acid), 35 (salvianolic acid I), 36 (dibenzoyl-(-)-P-methoxy-L-tartaric acid), 48 (coniferyl ferulate), 59 (7-hydroxy-3-butylidenephthalide), 64 (salvianolic acid F), 66 (butylphthalide), 65-3 (ferulic acid), 69-1 (5-methoxybenzofuran), 10 (protocatechuic aldehyde), 11 (dan shensu), and 69-2 (cinnamic acid). Common targets among the key active constituents and the known drugs for the treatment of CHD and depression are listed in Supplementary Table S8 . To elucidate the function of key active constituents contained in GXJC, pathway enrichment analysis of the corresponding putative targets was performed. As shown in Figure 4 , the major putative targets of the key active constituents were mainly involved into the following 10 pathways: calcium signaling, vascular smooth muscle contraction, VEGF signaling, aspirin blocking signaling, PDGF signaling, T cell receptor signaling, IL-6 signaling, IL-2 signaling, neuroactive ligand-receptor interaction and long-term depression.
Discussion
In the current study, a total of 16 GXJC drug-like chemical constituents were identified, and 870 genes were predicted to be putative targets of these molecules. According to the topological feature values of the GXJC putative targets, 14 key active constituents were identified because the corresponding putative targets had topological importance in the GXJC putative target-known CHD/depression therapeutic target network and were defined as the candidate targets of GXJC against CHD complicated with depression. Functionally, these candidate targets were significantly involved in several CHD/ depression-related pathways, including repairing pathological vascular changes, reducing platelet aggregation and inflammation, and affecting patient depression.
As a complex chemical system, TCM may be significantly varied because of different origins, sources, harvest time, pretreatments and medicinal material manufacturing [38, 39] . Therefore, the UHPLC-LTQ-Orbitrap-MSn instrument was utilized to characterize and identify the chemical profiles of GXJC. The oral absorption and bioavailability are two important pharmacokinetic parameters for the constituents of TCM, and growing evidence suggests that chemical constituents with higher Papp values and oral bioavailability (F%) than 7×10 6 cm/s and 40%, respectively, may have excellent drug-likeness [40] [41] [42] . The present study employed an in silico passive caco-2 absorption and the pharmacokinetics (PK) explorer modules within the ACD/Percepta software to predict the Papp and F% for 71 constituents in GXJC and identified 16 chemical constituents To investigate the pharmacological mechanisms of GXJC acting on CHD complicated with depression, the putative targets of GXJC were predicted based on the structures and functions of the chemical constituents. After that, the drug targetdisease related gene interaction network was constructed. Among the hub genes of the network, G-protein coupled receptors for 5-hydroxytryptamine, including 5HT1A, 5HT1B, 5HT1D, 5HT2A, 5HT2B, 5HT2C, 5HT4R, 5HT6R, and 5HT7R, regulated the release of 5-hydroxytryptamine, dopamine and acetylcholine in the brain. These genes thereby affect neural activity, perception, cognition and mood, and play a role in arterial vasoconstriction and in the regulation of behavior, including responses to anxiogenic situations and psychoactive substances [43] . In addition, ectonucleotide pyrophosphatase/ phosphodiesterase family member 1 (ENPP1), estrogen receptor (ESR1), lysosomal alpha-glucosidase (LYAG), and cAMPdependent protein kinase type I-alpha regulatory subunit (KAP0) are known therapeutic targets for CHD; moreover, KAP0 is also a known depression therapeutic target. ENPP1, an enzyme that produces extracellular pyrophosphate, was reported to be responsible for generalized arterial calcification in infancy or idiopathic infantile arterial calcification [44] . The incidence of CHD in premenopausal women is about one-half that in men of similar age and to investigate the underlying reason for this phenomenon, researchers compared the thickness of the coronary intima in women at different ages and determined that ESR1 played a crucial role in coronary intima thickness in young to middle-aged women [45] . These findings suggested that GXJC might attenuate CHD complicated with depression through regulating these hub targets.
The therapeutic effects of a Chinese formula are usually decided by its major chemical constituents. Following the identification of the key active constituents of GXJC and the corresponding major putative targets, our functional analysis demonstrated that these major putative targets were significantly associated with calcium signaling, vascular smooth muscle contraction, VEGF signaling, aspirin blocking signaling, PDGF signaling, T cell receptor signaling, IL-6 signaling, IL-2 signaling, neuroactive ligand-receptor interaction and long-term depression, which all play crucial roles in the main pathological processes during CHD progression, including vascular repair, anti-inflammation, and reduction of platelet aggregation [46] . Vascular repair is an important treatment strategy for CHD, and protein kinase C alpha type (PRKCA), epidermal growth factor receptor (EGFR), D (1A) dopamine receptor, type-1 angiotensin II receptor, ras-related C3 botulinum toxin substrate 1 (RAC1), RAF proto-oncogene serine/threonine-protein kinase (RAF1), and proto-oncogene tyrosine-protein kinase Src have been identified as therapeutic targets for vascular injury. Inflammation is a crucial feature of CHD. Indeed, the genes encoding the interleukin 6 receptor (IL6) have been reported to be associated with CHD [47] . Here, the putative targets of GXJC including dual specificity mitogen-activated protein kinase 1 (MAP2K1), transcription factor AP-1 (JUN), mitogen-activated protein kinase 3 (MAPK3), and RAF proto-oncogene serine/threonine-protein kinase (RAF1) were mainly involved in inflammation-related pathways including IL6/IL2/T cell receptor signaling pathway. Platelets play central roles in the development of atherothrombosis and are therefore the target of multiple therapies for CHD [48] . Protein kinase C alpha type (PRKCA) is a major regulator of various platelet activities and has been reported to regulate platelet activity. The in vivo and in vitro experiment results also indicated that it was required for thrombus formation and could regulate platelet granule secretion [49] . More importantly, the key targets of GXJC may also exert intervention effects on depression. These findings suggested that GXJC might be a potential treatment for CHD complicated with depression, which also reflected the purpose of the psycho-cardiology 
Conclusions
This study identified a list of key active constituents of GXJC acting on CHD complicated with depression using an integrative pharmacology-based approach, which combined active chemical constituent identification, drug target prediction and network analysis. This method may offer an efficient way to understand the pharmacological mechanisms of traditional Chinese medicine prescriptions. Despite the important findings revealed by the current study, there are still several potential limitations. First, the chemical information for some composite constituents of herbs contained in GXJC might be insufficient because of the fragmentary information collected from existing resources. Second, whether the associations between the herbs contained in GXJC and their corresponding targets were direct or indirect was difficult to determine. Third, the interactions between the composite constituents containing GXJC and candidate target genes were obtained via a computational technique. However, it is difficult to verify whether the interactions are positive or negative effects. Last but not least, further experimental studies are needed to validate the findings of this pilot study.
